Abstract Glioblastoma (GBM) is the most malignant primary brain tumor, with an average survival rate of 15 months. GBM is highly refractory to therapy, and such unresponsiveness is due, primarily, but not exclusively, to the glioma stemlike cells (GSCs). This subpopulation express stem-like cell markers and is responsible for the heterogeneity of GBM, generating multiple differentiated cell phenotypes. However, how GBMs maintain the balance between stem and non-stem populations is still poorly understood. We investigated the GBM ability to interconvert between stem and non-stem states through the evaluation of the expression of specific stem cell markers as well as cell communication proteins. We evaluated the molecular and phenotypic characteristics of GSCs derived from differentiated GBM cell lines by comparing their stem-like cell properties and expression of connexins. We showed that non-GSCs as well as GSCs can undergo successive cycles of gain and loss of stem properties, demonstrating a bidirectional cellular plasticity model that is accompanied by changes on connexins expression. Our findings indicate that the interconversion between non-GSCs and GSCs can be modulated by extracellular factors culminating on differential expression of stem-like cell markers and cell-cell communication proteins. Ultimately, we observed that stem markers are mostly expressed on GBMs rather than on low-grade astrocytomas, suggesting that the presence of GSCs is a feature of high-grade gliomas. Together, our data demonstrate the utmost importance of the understanding of stem cell plasticity properties in a way to a step closer to new strategic approaches to potentially eliminate GSCs and, hopefully, prevent tumor recurrence.
SOX2 or Cx can distinguishes glioma grades malignancy through the analysis of human astrocytoma samples. We consider of sublime importance the understanding of stem-like cell state plasticity, which could explain the aggressiveness of GBM and lead us to identify new molecular markers for its treatment.
Material and Methods

Material
Dulbecco's modified Eagle medium/Nutrient Mixture F-12 (DMEM/ F12) and NS34 NeuroBasal medium were supplied by Gibco; HEPES was supplied by Life Technologies (São Paulo, Brazil), and fetal bovine serum (FBS) was supplied by Invitrogen (Paisley, UK). The growth factors B27, N2, and G5 were obtained from Thermo Scientific (Waltham, MA). All secondary antibodies conjugated with either Alexa Fluor 488 or Fluor 546 were obtained from Invitrogen-Life Technologies (Carlsbad, CA). Glucose was purchased from Merck (Darmstadt, Germany). Fungizone was purchased from Bristol-Myers Squibb (Princeton, NJ). Penicillin/ streptomycin was purchased from Gibco, and rabbit anti-glial fibrillary acidic protein (GFAP) and mouse anti-vimentin clone V9 antibodies were purchased from Dako (Glostrup, Denmark). 4-6-Diamino-2-phenylindole (DAPI) was obtained from Sigma (Natick, MA). Protease and phosphatase inhibitors were supplied by Roche (Indianapolis, IN). Antibodies for Nanog (#3580), Oct-4A (#2840), SOX2 (#D6D9), and Slug (#9585) were purchased from Cell Signaling Technology (Beverly, MA). Mouse GAPDH, anti-Cx43/GJA1 antibody (Cx43) (#ab11370), and anti-GJA3 antibody (Cx46) (#ab176394) were purchased from Abcam. Anti-vimentin was obtained from Dako (Glostrup, Denmark). Mouse anti-actin antibody was purchased from Boehringer (Mannheim, Germany). Nestin clone 10c2 and PVDF membranes were purchased from Millipore (Billerica, MA). 2× Laemmli buffer and β-mercaptoethanol were purchased from Bio-Rad (São Paulo, Brazil).
Maintenance of Cell Line Cultures
The U87 cell line was acquired from the American Type Culture Collection (ATCC) (Manassas, VA). The human tumor cell lines, GBM02 and GBM11 cells, were established and characterized in our laboratory and maintained directly in DMEM/F12 supplemented with bovine serum after being collected from a GBM patient biopsy sample, as previously described [28, 29] . The human cell line OB1 was established and characterized by the laboratory of Dr. Hervé Chneiweiss and maintained in NS34 serum-free medium as described by Thirant et al. (2012) . Cells were cultured in DMEM supplemented with 3.5 mg/ml of glucose, 0.1 mg/ml of penicillin, 0.14 mg/ml of streptomycin, and 10% inactivated FBS, maintained at 37°C in an atmosphere containing 95% air and 5% CO 2 as described by Faria et al. (2006) . The GSC populations were obtained from U87, GBM02, and GBM11 and maintained in NeuroBasal medium supplemented with sodium pyruvate, glutamine, B27 supplement, epidermal growth factor (EGF), basic fibroblast growth factor (FGF), penicillin, and streptomycin (NS34), as described by Patru et al. [30] and Thirant et al. [31] . Because these cells were obtained in the absence of serum (serum-free, SF), they were termed U87-SF, GBM02-SF, GBM11-SF, and OB1-SF. Spheres from U87-SF, GBM02-SF, GBM11-SF, and OB1-SF were passed by mechanical dissociation through a P200 pipette, reseeded into NS34 medium, and used for stem-like cells at the same density of 0.5 × 10 6 cells/ml to form new spheres.
Clonogenic Assay
To determine the ability of GBM cells to form spheres, a single viable cell was transferred to each well of a 96-well plate containing 100 μl of NS34 medium. Fresh stem cell medium was added every 2 days. Over 4 weeks of culture, by observation under phase contrast, the sphere-positive wells were counted.
Immunoblotting
The SOX2, OCT-4A, NANOG, Cx43, Cx46, and Slug proteins were analyzed by Western blotting as originally described by Towbin and adapted by Balça-Silva and Kahn in both the GBM and GBM-SF cell lines [28, 32, 33] . Briefly, cells were centrifuged at 500×g for 10 minutes at 4°C. The supernatants were discarded. The cells were resuspended in RIPA buffer (50 mM Tris-HCl at pH 8.0, 150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and 2 mM EDTA, supplemented with protease and phosphatase inhibitors and DTT) and sonicated. After that, the samples were denatured with Laemmli buffer 2× added to each sample at a 1:1 ratio. Protein extracts were boiled at 95°C for 5 minutes before use. Thirty micrograms of protein was run on a 10% SDS-PAGE gel, transferred to a PVDF membrane, and then incubated with a solution of 5% nonfat milk in TBST for 1 hour at room temperature. The primary antibodies against SOX2 (1:1000), OCT-4A (1:1000), NANOG (1:1000), Slug (1:1000), vimentin (1:1000), Cx43 (1:1000), and Cx46 (1:100) were diluted in TBST with 1% nonfat milk supplemented with azide. After the incubation period, the immunocomplexes were detected with anti-rabbit antibody (1:1000) and conjugated with horseradish peroxidase. Bands were obtained after exposing the membranes to an X-ray film and analyzed through densitometry scanning. The protein expression was quantified using the software ImageJ 1.49v (Wayne Rasband, National Institutes of Health, Bethesda, MD) with the expression of tubulin or GAPDH used as a loading control. Each experiment was repeated three times.
Immunofluorescence
For immunofluorescence analysis, 10 × 10 4 cells/ml were plated on coverslips placed on a 24-well plate, as previously described [28] . Briefly, GSCs and GBM cells were fixed with 4% PFA in PBS for 15 minutes. Then, cells were washed with PBS and permeabilized with Triton 0.1% for 30 minutes. Cells were the washed with PBS and incubated with 5% BSA/PBS for 30 minutes. Cells were incubated with rabbit anti-SOX2 (1:400), rabbit anti-GFAP (1:500), rabbit anti-OCT-4A (1:400), rabbit anti-Nanog (1:400), mouse anti-Nestin (1:200), rabbit anti-Cx43 (1:1000), and/or rabbit anti-Cx46 (1:100). Cells were incubated overnight at 4°C with the primary antibodies, then washed again with PBS and incubated overnight with secondary antibodies conjugated with Alexa Fluor 488 (goat anti-mouse; 1:250) and/or Alexa Fluor 488 (goat anti-rabbit; 1:250). Cells were then washed with PBS, stained with DAPI, washed with PBS, and mounted in Fluoromount-G. Negative controls were performed with nonimmune rabbit or mouse IgG. Cells were imaged at 63× using a DMi8 advanced fluorescence microscope (Leica Microsystems, Germany) and analyzed with Leica LA SAF Lite. Images were processed using the software ImageJ 1.49v (Wayne Rasband, National Institutes of Health).
Real-Time Polymerase Chain Reaction (PCR)
Total RNAs were extracted from OB1 and GBM02 cells using PureLink RNA Mini Kit (Thermo Fisher Scientific) following the manufacturer's instructions. One microgram of the total RNA, oligodT (12) (13) (14) (15) (16) (17) (18) primer (Thermo Fisher Scientific), and High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) were used to perform the cDNA synthesis. For quantitative PCR (qPCR) using OB1 cell samples, we utilized 12 ng per well of cDNA, SOX2, and Cx43 Taqman Probes (Hs01053049_s1 and Hs00748445_s1, respectively) and GAPDH (Hs02786624_g1) as endogenous gene. To calculate the relative fold variation in mRNA expression, we performed the 2 −ΔΔCT method. For qPCR from GBM02 cell samples, we designed and used the SOX2 primers (forward: 5′-AGGGCTGGGAGAAAGAAGAG-3′; reverse: 5′-GGAGAATAGTTGGGGGGAAG-3′), the Cx43 primers (forward: 5′-ATGAGCAGTCTGCCTTTCGT-3′; reverse: 5′-TCTGCTTCAAGTGCATGTCC-3′), and GAPDH (forward: 5′-GAGTCAACGGATTTGGTCGT-3′; reverse: 5′-TTGATTTTG-GAGGGATCTCG-3′) primers. Here, we employed the Power SybrGreen Master Mix (Thermo Fisher Scientific) and the Pfaffl method of Pfaffl to calculate the relative fold variation in mRNA expression. Data were always obtained from three independent experiments and analyzed using Student's t test. Thermal cycling was carried out using the manufacturer's recommended conditions in a CFX96 Touch Real-Time PCR Detector (BioRad) [34] . [28] . The Guide for the Care and Use of Laboratory Animals (National Academy of Sciences, National Academy Press, Washington, DC) was strictly followed in all experiments. All efforts were made to minimize the number of animals used and their suffering. Ten-to 14-week-old male Swiss mice weighing 20 to 25 g were anesthetized with diazepam (5 mg/kg i.m.), ketamine (100 mg/kg i.m.), and xylazine (25 mg/kg i.m.), and then a brain midline incision was made on the scalp, as previously described [13, 28] . Briefly, a small hole was drilled in the skull, and 1 × 10 5 GBM11 cells (or DMEM/F12; control) were delivered in 3 μl of DMEM-F12 at a depth of 3 mm with a Hamilton syringe (Hamilton, Reno, NV) over 30 minutes at the stereotaxic coordinates: 1 mm posterior to the bregma and +2 mm mediolateral from the midline. Animals were followed for 7, 14, and 21 days after tumor cell injection.
In Vivo Mouse GBM Model
Magnetic Resonance Imaging (MRI)
MRI was performed 7, 14, and 21 days after the tumor injection, as previously described [13, 28] . Briefly, mice were anesthetized with ketamine (100 mg/kg i.m.) and xylazine (25 mg/kg i.m.), and images were acquired with a magnetic resonance scanner (7 T/210 horizontal 
Mouse Tissue Processing
Briefly, mice brains were dissected, fixed in 4% PFA for 24 hours at 4°C, and stored before processing. Then, the tissues were dehydrated in a graded ethanol series (30%, 40%, 50%, and 60% for 30 minutes; next 70%, 80%, and 90% for 1 hour; and finally 100% twice for 1 hour each), followed by xylene overnight at room temperature. Finally, brains were embedded in paraffin for 3 hpurs at 67°C. Coronal sections were cut (5 μm thick) on a microtome. The sections were stained with hematoxylin and eosin and photographed using a DMi8 advanced fluorescence microscope (Leica Microsystems, Germany). For immunofluorescence of GBM11 cells injected in the striatum of immunocompetent mice, mouse anti-human vimentin (hVim) (1:50) was stained at the core of the tumor mass, as shown by cell nuclei atypia (DAPI counterstaining in cyan, inset), and at the border of the tumor mass.
Human Tissue Processing
A total of 10 human brain samples, of which 6 were astrocytoma grade IV (GBM), 2 astrocytoma grade II, and 2 temporal lobectomy neocortex samples, acquired from epilepsy surgery patients with mesial sclerosis were considered as normal brain and used as controls were collected. All patients were admitted to the Neurosurgery Service of the University Hospital of Coimbra (Coimbra, Portugal). The study was approved by the University Hospital of Coimbra Ethics Committee according to the Declaration of Helsinki protocol, and all patients signed an inform consent for the use of biological material for research investigation. The GBM, astrocytoma grade II, and normal brain tissues were fixed in 4% paraformaldehyde for 12 to 24 hours, embedded in paraffin, and cut into 4-μm sections. The brain tissues were prepared for immunohistochemistry by deparaffinizing the sections in xylene for 20 minutes and rehydrating in an ethanol series using a Vector Laboratories (Burlingame, CA) VP-P980, clone PC10 (IgG2a) kit. Then, all sections were incubated for 30 minutes with 3% H 2 O 2 . Antigens were retrieved from the samples with citric acid buffer (citric acid 0.1 M and sodium citrate 0.1 M in distilled water) in a microwave (two cycles of 5 minutes, 400 W) to break the methylene bonds and expose the antigenic sites. After that, the sections were incubated in horse normal serum (Vector Laboratories) at 4°C for 30 minutes and then incubated with SOX2 primary antibody (1:100) diluted in TBS overnight at 4°C. The sections were washed three times with TBS-Tween and next incubated with a 1:100 secondary antibody ImmPress reagent (Vector Laboratories Anti-mouse/rabbit Ig, cat. no. MP-7500) for 30 minutes at room temperature. Then, all sections were incubated with diaminobenzidine (Bios, Beijing, China) for visualizing the positive signal, counterstained with Mayer's hematoxylin, and evaluated and scored by two independent pathologists (with no knowledge of the patients' records). The sections were observed at the same magnification of 10× (×10/0.25 PH1 NPLAN) and amplified 40× (×40/0.55 CORR PH2) (scale bar = 100 μm) with a Leica DMI3000B light microscope (Leica, Germany) and acquired with the Leica Application Suite v 4.3 (Leica, Switzerland).
Statistical Analysis
Statistical analysis was performed in GraphPad Prism 5 for Windows, version 5.00 (GraphPad Software, Inc., San Diego, CA). After the assumption of normality and homogeneity of variance across groups was confirmed, the groups were compared using a nested design with analysis of variance and post hoc comparison, with correction of α error according to Bonferroni probabilities to compensate for multiple comparisons. All values were expressed as mean ± SEM, P b .05.
Results
GBM Cell Lines Interconvertion Between Stem-Like and NonStem-Like States
GBM can generate cells that are able to acquire the stem-like state independently of their differentiation state [23] . Two different GBM cell lines, which were isolated by different methods, were cultured in different media. GBM02 was derived from an adult human patient and isolated directly in medium supplemented with fetal bovine serum (DMEM-F12, 10% FBS). OB1-SF (OB1-serum-free) was isolated from an adult human patient and first cultured in a defined growth media supplemented with growth factors (NS34, which contains DMEM/F12 5×; glucose 30%; 200 mM glutamine; HEPES 3.6%; NaHCO 3 7.5%; Pen/Strep; N2 1×; B27 1×; and G5 1×), known for maintaining stem-like properties [3, 31] . Specifically, the N2 is constituted by human transferrin, human insulin, progesterone, putrescine, and sodium selenite and is recommended for the growth and expression of neuroblastomas [35] . The B27 is composed by a cocktail of vitamins, proteins, and other components like linoleic acid, linolenic acid, progesterone, and selenite sodium, among others. The B27 is used to induce growth and long-term viability of CNS cells [36] . Finally, the G5 is composed by biotin, basic FGF, EGF, human transferrin, and human insulin, among others, and is also important to the growth and maintenance of primary and tumor glial cells [35] . To investigate whether the two cell lines can switch between stem-like and non-stem-like states, the expressions of SOX2 and Cxs 43 and 46 were measured by Western blot (WB), when the cells were cultured in their respective media, for both GBM02 ( Figure 1A , T0) and OB1-SF (Figure 2A , T0). The expressions of SOX2, Cx43, and 46 were also evaluated by immunocytochemistry (ICC) (Figures 1B and 2B ) and by qPCR ( Figures 1C and 2C) . Two weeks later, cell differentiation was induced in the OB1 cell line by exposing the cells to DMEM-F12 10% SFB, and reacquisition of stem-like properties in GBM02 (GBM02-SF) was induced by exposure to NS34 medium. The expression of markers of the stem-like state was assessed by WB, ICC, and qPCR (Figures 1  and 2 ). At the end of 4 weeks, the GBM02 cells were transferred back to the DMEM-F12 10% SFB medium, and the OB1-SF cells were transferred back to the NS34 medium (Figures 1 and 2, T4) . Our results showed that after this transfer, in the GBM02 cells (T4), the Cx43 protein amount was 4.3-fold higher than in the GBM02-SF cells (T2), P b .01 ( Figure 1A ). However, there was no significant difference among the Cx43 mRNA expression analyzed ( Figure 1C ). The GBM02-SF cells (T2) maintained the ability to form spheres, and the Cx46 protein was 4.0-fold higher than in the GBM02 cells (T0), P b .05, and 6.0-fold higher than in the GBM02 cells (T4), P b .05. In Figure 1 . GBM stem-like cell plasticity properties in GBM02 and GBM02-SF cells. The expression of Cx43, Cx46, and SOX2 in the GBM and the respective serum-free cell lines was evaluated by WB (A) and immunofluorescence (B). (A) GBM02 cells were maintained in DMEM-F12 supplemented with serum for 2 weeks (GBM02 T0). At the end of this time, part of the cells was isolated and the other part was maintained in culture with NS34, a serum-free medium, for 2 more weeks (GBM02-SF T2). Next, part of the cells was also isolated and the other part was again maintained in culture with DMEM/F12 supplemented with serum for a further 2 weeks (GBM02 T4). At the end of this time, cells were collected, and the expression of Cx43, Cx46, and SOX2 was quantified by WB as previously described. Statistical analysis was performed in GraphPad Prism 5 for Windows (version 5.00; GraphPad Software, Inc., San Diego, CA). Each value represents the mean ± SEM from three independent experiments; *P b .05, **P b .01. (B) Immunofluorescence staining of Cx43, Cx46, and SOX2 was performed in parallel. Cells were imaged at 63× magnification using a DMi8 advanced fluorescence microscope (Leica Microsystems, Germany) and analyzed with Leica LA SAF Lite. Images were processed using the software ImageJ 1.49v (Wayne Rasband, National Institutes of Health). (C) The expression of Cx43 and SOX2 in the GBM02 and GBM02-SF cells was evaluated by qPCR. Total RNA was extracted using a PureLink RNA Mini Kit following the manufacturer's instructions. One microgram of total RNA, oligo(dT) primer, and High-Capacity cDNA Reverse Transcription Kit were used to perform cDNA synthesis. The qPCR reaction was done in duplicate using SOX2, Cx43, and GAPDH primers and Power SybrGreen Master Mix. To calculate the relative fold variation in mRNA expression, GBM02 cells (T0) were applied as control at the 2 −ΔΔCT method. Each value represents the ± SEM, *P b .05. . GBM stem-like cell plasticity properties in OB1 and OB1-SF cells. The expression of Cx43, Cx46, and SOX2 was analyzed in the GBM, and the respective serum-free cell lines were evaluated by WB (A) and immunofluorescence (B). (A) OB1-SF cells were maintained in culture with the serum-free medium NS34 for 2 weeks (OB1-SF T0). At the end of this time, part of the cells was isolated and the other part was maintained in DMEM-F12 supplemented with serum for 2 more weeks (OB1 T2). After this time, part of the cells was also isolated and the other part was again maintained in culture with NS34, a serum-free medium, for a further 2 weeks (OB1-SF T4). At the end of this time, cells were collected, and the expression of Cx43, Cx46, and SOX2 was quantified by WB as previously described. Statistical analysis was performed in GraphPad Prism 5 for Windows (version 5.00; GraphPad Software, Inc., San Diego, CA). Each value represents the mean ± SEM from three independent experiments; *P b .05, **P b .01. B. Immunofluorescence staining of Cx43, Cx46, and SOX2 was performed in parallel. Cells were imaged at 63× magnification using a DMi8 advanced fluorescence microscope (Leica Microsystems, Germany) and analyzed with Leica LA SAF Lite. Images were processed using the software ImageJ 1.49v (Wayne Rasband, National Institutes of Health). (C) The expression of Cx43 and SOX2 in OB1-SF and OB1 cells was evaluated by qPCR. Total RNA was extracted using PureLink RNA Mini Kit following the manufacturer's instructions. One microgram of total RNA, oligo(dT) primer, and High-Capacity cDNA Reverse Transcription Kit were used to achieve cDNA synthesis. The qPCR reaction was done in duplicate using SOX2, Cx43, and GAPDH Taqman Probes. To calculate the relative fold variation in mRNA expression, OB1 cells (T2) were used as control at the 2 −ΔΔCT method. Each value represents the mean ± SEM; *P b .05, **P b .01, ****P b .0001.
addition, the quantity of SOX2 in the GBM02-SF cells (T2) was 3.6-fold higher than in the GBM02 cells (T0), P b .05, and 2.8-fold higher than in the GBM02 cells (T4), P b .05 ( Figure 1, A and B) . Corroborating this, the qPCR results showed that SOX2 expression was 1.98 higher in the GBM02-SF cells (T2) than in GBM02 cells (T0), P b .05. In addition, statistically, the same mRNA expression value was found in GBM02 cells (T4 and T0) ( Figure 1C ). In the OB1 cells (T2), the expression of Cx43 was higher than that observed in the OB1-SF cells (T0 and T4). The mRNA expression was more than three-fold higher in T2 compared with T0, P b .05, and T4 condition, P b .01, although the difference was not statistically significant for the protein amount. In the OB1-SF cells (T0), the expression of Cx46 was 3.9-fold higher than in OB1 cells (T2), P b .05; and in the OB1-SF cells (T4), the expression of Cx46 was 3.8-fold higher than in the OB1 cells (T2), P b .05. In the OB1-SF cells (T0), the total of SOX2 protein was 4.5-fold higher than in the OB1 cells (T2), P b .05; and in the OB1-SF cells (T4), SOX2 expression was 3.0-fold higher than in the OB1 cells (T2), although this difference was not statistically significant ( Figure 2A ). Similar results were found for the real-time PCR. SOX2 expression was 9.28 higher in OB1-SF cells (T0) than in OB1 cells (T2), P b .001; and the transcripts levels increased in T4 compared with T2 were not statistically significant ( Figure 2C) . Also, the OB1 cells formed spheres when cultured in the stem-like serum-free medium ( Figure 2B) .
Currently, several studies demonstrate that the shifts in the stem-like properties are accompanied by changes in expression of epithelial-mesenchymal transition (EMT) markers [26, 37] . We investigated the expression of Slug and Vimentin, two markers of enhanced EMT [38, 39] , on OB1 cells in three different time points (Supplementary Data 1) . Slug and vimentin expression was downregulated on cells cultured on differentiation conditions (OB1-T2) when compared to OB1-SF (T0). On the other hand, their expression was restored when the same population of OB1 cells was cultured back on serum-free media (OB1-T4), P b .05 (Supplementary Data 1) . . Cells were grown and maintained in DMEM-F12 supplemented with 10% FBS. Culture flasks were maintained at 37°C in a humidified 5% CO 2 and 95% air atmosphere. GSCs were maintained as tumor-sphere cultures in NeuroBasal medium supplemented with sodium pyruvate, glutamine, B27 supplement, EGF, basic FGF, penicillin, and streptomycin. The OB1 differentiated cell line was obtained by the removal of EGF and bFGF and the addition of 10% fetal bovine serum. (B) To estimate stem cell frequency in the cell population, tumor-sphere formation was assayed with 2 cells per well in in 96-well plates in NeuroBasal medium supplemented with sodium pyruvate, glutamine, B27 supplement, EGF, basic FGF, penicillin, and streptomycin. During 4 weeks of culture, sphere-positive wells were scored by observation under an inverted microscope with phase-contrast optics. The image is representative of three independent experiments. Cells were imaged at 63× magnification using a DMi8 advanced fluorescence microscope (Leica Microsystems, Germany) and analyzed with Leica LA SAF Lite. Images were processed using the software ImageJ 1.49v (Wayne Rasband, National Institutes of Health).
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GSCs Clonogenic Properties
We observed that GBM02 cultured in DMEM/F12 with serum could enhance the expression of stem-like markers after culturing in NS34. This observation prompted us to investigate whether other GBM cell lines previously cultured in serum-supplemented media could acquire stem-like properties when cultured in NS34. The U87, GBM02, and GBM11 cell lines were transferred to the serum-free stem cell medium NS34 (U87-SF; GBM02-SF and GBM11-SF), and their ability to form clones was evaluated. OB1-SF was used as a control because it was already a GSC cell line. Single cells divided within 3 days, followed by the formation of small "oncosphere-like" structures at the end of 1 week. Each sphere contained approximately four cells per sphere. The cells in the U87-SF culture formed spheres containing approximately four cells each, and the GBM02-SF and GBM11-SF The expression of SOX2, OCT-4A, and Nanog in both the GBM02 and GBM11 cell lines, isolated from GBM diagnosed patients, and the respective serum-free GBM cells, as previously described, was quantified by WB. Statistical analysis was performed in GraphPad Prism 5 for Windows (version 5.00; GraphPad Software, Inc., San Diego, CA). Each value represents the mean ± SEM from three independent experiments; *P b .05, **P b .01. (B) Immunofluorescence staining of SOX2, OCT-4A, and Nanog as well as Nestin and GFAP was performed in both the GBM02 and GBM11 cell lines and the respective serum-free GBM cells, GBM02-SF and GBM11-SF. Cells were imaged at 63× magnification using a DMi8 advanced fluorescence microscope (Leica Microsystems, Germany) and analyzed with Leica LA SAF Lite. Images were processed using the software ImageJ 1.49v (Wayne Rasband, National Institutes of Health).
cultures formed spheres containing four to eight cells each. After 2 weeks of culture, observation with a phase-contrast microscope showed that oncospheres had formed, and these were maintained until they reached the maximum size of 200 μm ( Figure 3A) . The spheres were then dissociated, and 0.5 × 10 6 cells were transferred to a new flask with new NS34 medium in order to evaluate the formation of new spheres, which occurred 1 week later. Serial passage in NS34 medium revealed that the oncospheres maintained the self-renewing ability after at least four generations. We then evaluated the ability of stem-like cells to form new clones by clonogenic assay (Figure 3B) . In a limited-dilution assay, oncospheres were dissociated into a suspension of single cells, and 1 cell was reseeded into each well of 96-well plates. At the end of each week, the number of spheres was quantified. We found that the GBM02-SF culture cells were better able to form tumor spheres than the GBM11-SF (1.3-fold difference; P = .2), OB1-SF (3.9-fold difference; P b .05), and U87-SF cells (5.4-fold difference; P b .01). On other hand, GBM11-SF demonstrated a better ability to form spheres than OB1-SF (2.9-fold difference; P b .01) and U87-SF (4.0-fold difference; P b .01). However, the OB1-SF cells were better able to form spheres than the U87-SF cells (1.3-fold difference; P b .01) ( Figure 3B ). As so, GBM11-SF has a higher capability to form spheres compared to the other cell lines.
GSCs Expression of Stem-Like State Markers
In order to determine whether the ability of GSCs derived from previously serum-cultured GBM cell lines to form spheres was accompanied by an increase in the expression of stem-like markers, the expression of SOX2, OCT-4A, and NANOG was evaluated using WB ( Figures 4A and 5A ) and immunofluorescence ( Figures 4B and  5B ). In parallel, the GFAP and Nestin, a type VI intermediate filament protein that is expressed mostly in precursor of nervous cells, were also evaluated by immunofluorescence analysis (Figures 4B and  5B) . The results showed that, in the GBM02-SF cells, the expression of SOX2 was 1.75-fold higher, P b .05; the expression of OCT-4A was 43-fold higher, P b .01; and the expression of NANOG was 1.7-fold higher, P b .01, compared to their expression in the GBM02 cells (Figure 2A ). In the GBM11-SF cells, the expression of SOX2 was 2.6-fold higher, P b .05; the expression of OCT-4A was 15.8-fold higher, P b .01; and the expression of NANOG was 2.6-fold higher, P b .01, compared to their expression in GBM11 ( Figure 4A ). In the OB1-SF cells, only the expression of SOX2 and NANOG was increased compared to their OB1 cells (2.9-fold higher, P b .05 and 2.5-fold higher, P b .01, respectively) ( Figure 5A ). Finally, in the U87-SF cells, the expressions of SOX2, OCT-4A, and NANOG were 2.8-, 5.0-, and 3.0-fold higher than in U87 cells (P b .05, P b .01, and P b .01), respectively ( Figure 5A ).
Connexins 43 and 46 Expression During Transition of GBM Cells Between Stem-Like and Non-Stem-Like States
Due to the particular functions of gap junctions in the coordination of many cellular processes, mainly cell proliferation, survival, differentiation, and chemoresistance, we compared the expression of connexins, particularly Cx43 and Cx46, in the DMEM/F12 10% SFB or NS34-cultured GBM cell lines using WB ( Figure 6A ) and ICC ( Figure 6B ) [40] . Our results showed that, in the GBM02 cells, the Cx43 expression was higher than in the GBM02-SF cells; and the Cx46 expression was 12.0-fold higher in the GBM02-SF cells than in the GBM02 cells, P b .001. In the GBM11 cells, the Cx43 expression was 1.5-fold higher than in the GBM11-SF cells, although with no statistical significance; the Cx46 expression was 4.0-fold higher in the GBM11-SF cells than in the GBM11 cells, P b .05. In the OB1 cells, the Cx43 expression was 5.3-fold higher than in the OB1-SF cells, P b .01; and the Cx46 expression was 1.6-fold higher in OB1-SF than in the OB1 cells, although with no statistical significance. Finally, in the U87 cell line, the Cx43 expression was 0.8-fold higher than in the U87-SF cells, with no statistical significance; and the Cx46 expression was 1.3-fold higher in the The expression of SOX2, OCT-4A, and Nanog was quantified in both the OB1 cell line isolated from a GBM diagnosed patient directly in NS34 serum-free medium and in U87, a GBM cell line acquired by ATCC. The respective OB1 differentiated cells were isolated from OB1-SF, and the serum-free GBM cells were isolated from the U87 cell line, U87-SF, as previously described, by WB. Statistical analysis was performed in GraphPad Prism 5 for Windows (version 5.00; GraphPad Software, Inc., San Diego, CA). Each value represents the mean ± SEM from three independent experiments; *P b .05, **P b .01. B. Immunofluorescence staining of SOX2, OCT-4A, and Nanog as well as Nestin and GFAP was performed in both the OB1 and U87 cell lines and the respective serum-free GBM cells, OB1-SF and U87-SF. Cells were imaged at 63× magnification using a DMi8 advanced fluorescence microscope (Leica Microsystems, Germany) and analyzed with Leica LA SAF Lite. Images were processed using the software ImageJ 1.49v (Wayne Rasband, National Institutes of Health).
U87-SF cells than in the U87 cells, with no statistical significance ( Figure 6,  A and B) . Overall, accordingly to what is described in literature, our results showed, for the first time, that the Cx43 is overexpressed in non-GSCs, whereas Cx46 is overexpressed in GSCs [40] .
Human Glioblastoma Xenograft Growth in Immunocompetent Mouse Brain
A major feature of GSCs is the ability to form a new tumor when xenografted into a mouse brain [2] , and GBM cells appear to transit between stem-like and non-stem-like states. This observation led us to xenograft GBM cell lines into mouse brains in order to evaluate whether the cells can form new tumors even when they are not in the stem-like state. GBM11 cells were grafted into the striatum of Swiss mice as previously described [13] (Figure 7A ). Fourteen days after the tumor cells were injected, MRI was performed to mice brains, and mice were subsequently euthanized ( Figure 7B ). The tumor mass was analyzed macroscopically, revealing a hemorrhagic and necrotic area in the core of the tumor. The histological examination revealed the existence of a lymphoproliferative infiltrate and the presence of mitotic cells ( Figure 7C ). To confirm that the tumor developed due to the proliferation of the injected human GBM11 cells, infiltrating human cells were identified with a mouse anti-human vimentin antibody derived from V9, which showed positive staining ( Figure 7D ). Finally, to confirm the presence of GSCs in the tumor mass, the cells were stained with SOX2, which revealed SOX2-positive cells ( Figure 7D ). Taken together, this evidence suggests that the stem state is dynamic and can be induced depending on the environment where the tumor cell is immersed.
SOX2 and Cx46 Expression in Human Glioma Samples
Because we had determined that the expression of the stem-like cell markers SOX2 and Cx46 mostly changes according to the stem and nonstem state, we next evaluated the expression of SOX2 and Cx46 in tumor sections obtained from a grade II astrocytoma and a grade IV astrocytoma (GBM), comparing with the temporal lobectomy neocortex samples acquired from epilepsy surgery patients with mesial sclerosis considered as normal brain, as described in the Material and Methods section. Comparing to astrocytoma grade II that presented microcysts and nuclear atypia, in GBM, we observed a nuclear atypia, prominent microvasculature proliferation (+), and necrosis (*), which constitute the essential diagnostic features of GBM ( Figure 8A ). In the immunohistochemistry analysis, the tumor sections obtained from the grade IV astrocytoma showed a higher SOX2 and Cx46 expression than in the tumor sections from the grade II astrocytoma The expression of Cx43 and Cx46 in the GBM02, GBM11, OB1, and U87 cell lines and the respective serum-free cells, GBM02-SF, GBM11-SF, OB1-SF, and U87-SF, as previously described, was quantified by WB. Statistical analysis was performed in GraphPad Prism 5 for Windows (version 5.00; GraphPad Software, Inc., San Diego, CA). Each value represents the mean ± SEM from three independent experiments; *P b .05, **P b .01. (B) Immunofluorescence staining of Cx43 and Cx46 was also performed in all cell lines. Cells were imaged at 63× magnification using a DMi8 advanced fluorescence microscope (Leica Microsystems, Germany) and analyzed with Leica LA SAF Lite. Images were processed using the software ImageJ 1.49v (Wayne Rasband, National Institutes of Health).
and from normal patients, which suggest that the occurrence of GSCs is linked to the grade of the glioma [29, 30] (Figure 8 , B and C). Discussion GBM is the most common and fatal type of primary brain tumor [1, [41] [42] [43] . In spite of recent advances, GBM treatment remains palliative, mainly due to the occurrence of chemo-and radioresistant GSCs, which contribute to tumor growth, metastasis, and relapse [8, 14, 44, 45] . As such, GSCs have become a main focus of GBM therapeutic research. Previous studies revealed that GSCs may emerge from the increased self-renewing division of GSCs or from reprogramming of non-GSCs to GSCs, maybe suggesting a plasticity of the stem state in GBM [23] . We considered that the understanding of GBM stem state plasticity is of utmost importance to identify the mechanisms and factors involved in GSCs' resistance to therapy, which may justify tumor recurrence and so constitute a step forward to the identification of new approaches to treat GBM.
It is well known that GSCs can lose their stem-like properties, giving rise to non-GSCs, but is the reverse true? Previous studies have suggested that GSC plasticity could be dynamic and that both GSCs and non-GSCs are capable of switching their status [23] . Moreover, GSC interactions with the surrounding microenvironment could determine GBM heterogeneity and dictate the balance between self-renewal and differentiation properties [21] . Here, using GBM cell lines and patient samples, we identified molecular markers that could translate both states in GBM (Figures 1 and 2) . Our results showed that non-GSCs, obtained from culturing in DMEM/F12 with serum-supplemented medium, expressed less SOX2 and Cx46 compared to GSCs as we expected (Figure 1) , and the reverse in OB1-SF cell line was also observed (Figure 2) . Precisely, SOX2, an essential transcription factor for the maintenance of embryonic stem cells, was overexpressed in GSCs of GBM02-SF and OB1-SF, as we expected.
Our results from the xenotransplant emphasized that the tumor microenvironment plays a critical role in the GBM differentiation status because we saw a tumor development after GBM cell implantation in brain mice. Accordingly to literature, these interactions between GSCs and their niche dictate the balance between GSCs and non-GSCs through the variation of growth factors, extracellular matrix components, and the ability to communicate with adjacent cells by gap junctions [21, 22, 46, 47] . Among all these factors, besides the study of stem-like cell markers' expression, we assessed the profile expression of proteins involved in gap junction-mediated intercellular communication because they can sustain coordinated responses important to tumor growth, differentiation, and therapy success. Specifically, we analyzed the expression of connexins, Cx43 and Cx46, in GSCs and non-GSCs in vitro in order to understand their expression in the stem cell state ( Figure 6 ).
Our results showed that, in all GBM cell lines, Cx43 protein was overexpressed in non-GSC cell lines, whereas Cx46 was upregulated in GSCs (Figure 6 ), which emphasizes our initial hypothesis that GSC maintenance also depends on cell-cell interactions in a connexin-isotype-dependent manner, as proposed in the study of Hitomi et al. [21] .
Here, we also showed that the same cells placed in culture media with different properties sequentially alter their expression of stem-like cell markers (at times T0, T2, and T4) ( Figures 1A and  2A) , together with the phenotype alterations by oncospheres formation, suggesting that "stemness" is actually a state ( Figures 1B  and 2B ). Our qPCR results endorsed these ideas ( Figures 1C and 2C) . The SOX2 mRNA levels were higher in stem-like conditions in both GBM02-SF cells (time T2) and OB1-SF cells (time T0). In OB1-SF cells (T4), there was a tendency of increasing SOX2 transcripts levels, but it was not statistically different. In turn, Cx43 mRNA levels were lower in stem-like statements in OB1 cells (time T0 and T4), although they were not significantly different in GBM02 cells (times T0, T2, and T4). Overall, the mRNA results are in agreement with the protein levels. To confirm this hypothesis, we tested the GSCs for the cardinal properties of stem-like cells, including their clonogenic potential, the expression of transcription factors associated with the stem state, and their ability to form tumors in an orthotopic mouse model. Examined in detail, the GBM cell lines showed differences in clonogenic potential. The GBM02-SF and GBM11-SF cell lines proved to be more capable of forming clones than the OB1-SF and U87 cell lines. These differences in the ability to form clones may be related to the intrinsic heterogeneity observed in high-grade gliomas and perhaps contribute to the different degrees of aggressiveness of GBM cells ( Figure 3B ). Interestingly, in our GSCs, the expression of [4] , and who gave written informed consent to participate in the study were included. To compare the SOX2 and Cx46 expression, normal brain samples from patients that underwent an epilepsy surgery with mesial sclerosis were also analyzed. The study was approved by the University Hospital of Coimbra Ethics Committee, according to the Declaration of Helsinki protocol. (A) Histopathological characteristics of the tumor mass were evaluated by hematoxylin-eosin staining. The normal brain picture was acquired from the white matter. The astrocytoma grade II showed a nuclear atypia and microcysts, and the glioblastoma showed nuclear atypia, microvascular proliferation (+), and necrosis (*). (B) Immunohistochemistry was performed using the diaminobenzidine method with hematoxylin counterstaining to evaluate the percentage of cells expressing SOX2 and Cx46. (C) Tumor samples were ranked for SOX2 or Cx46 expression as high (60% positive cells), moderate (between 20% and 60% positive cells), and low (below 20% cells). Each image was acquired at 10× magnification (×10/0.25 PH1 NPLAN) and amplified 40× (×40/0.55 CORR PH2) (scale bar = 100 μm) with a Leica DMI3000B light microscope (Leica, Germany) and acquired with the Leica Application Suite v 4.3 (Leica, Switzerland).
the stem-like cell markers SOX2, Oct-4A, and NANOG was higher than in non-GSCs, as expected. These results accord with the clonogenic capability of each GBM cell line and with previous studies [23, 30, [48] [49] [50] .
Because the stem-like properties are known to induce chemoresistance and stem cell state is dynamic, we asked if there would be a possible association between the expression of molecular markers and the aggressiveness of tumors, and their outcome (Figure 8 ). Therefore, we evaluated the expression of SOX2 and Cx46, both overexpressed in GSCs in vitro, in samples of normal, astrocytoma grade II, and astrocytoma grade IV (GBM) brains from human patients ( Figure 8A ). SOX2 and Cx46 were highly expressed in the GBM compared to the astrocytoma grade II and normal brain samples ( Figure 8B ). We classified the percentage of SOX2 and Cx46 expression in cells as low (b20% of cells expressing SOX2 or Cx46), moderate (20%-60% of cells expressing SOX2 or Cx46), and high (N60% of cells expressing SOX2 or Cx46), corresponding to the samples from normal, astrocytoma grade II, and GBM samples, respectively ( Figure 8C ). These results are in agreement with previous studies that verified a higher expression of SOX2 compared to normal brain tissue samples [20, 49] . These findings suggest that GSCs are more frequent in high-grade gliomas due to unknown microenvironmental factors that could trigger the switch between stem-like and non-stem-like states in GBM. Our data reinforce the initial proposal that the stem state is a dynamic bidirectional fluctuation that depends not only but also on the microenvironment.
Summarizing, we could for the first time demonstrate the plasticity of the GBM stem-cell state, as represented in Figure 9 . Briefly, the stem-like cell state is accompanied by the overexpression of markers of stem-like cells, characterized in detail by us, and by downregulation of markers of differentiated cells as expected. However, when the medium is changed, we observed that the same differentiated cells are accompanied by downregulation of stem-like cell markers and overexpression of differentiated cell markers, which showed that the stem state is not static, definitely established, but dynamic and maybe depending on tumor microenvironment.
Our results constitute an important advance in the knowledge of stem-like cells' behavior. For the first time, we showed that the GBM stem-like cell markers are dynamic and bidirectional, depending on microenvironmental clues. Because GSCs are the most chemoresistant cells in the GBM tumor mass, stem-like cell markers, such as SOX2, are more highly expressed in human GBM samples than in lower grades of gliomas, suggesting a direct correlation with the poor prognosis of GBM patients.
Altogether, our in vitro and in vivo results corroborate our hypothesis. This work highlights the understanding of GSCs and non-GSCs state, which is a primary step in comprehension of tumor growth and differentiation processes. Hopefully, these will improve the success of GBM therapy in a way to identify more specific targets to reach GBM.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.tranon.2017.04.005.
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